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ABSTRACT
We examine 112 Seyfert galaxies observed by the Hubble Space Telescope (HST)
at 1.6µm. We nd that  50% of the Seyfert 2.0 galaxies which are part of the
Revised Shapeley-Ames (RSA) Catalog or the CfA redshift sample contain unresolved
continuum sources at 1.6µm. All but one of the Seyfert 1.0-1.9 galaxies display
unresolved continuum sources. These sources have fluxes of order a mJy, near-infrared
luminosities of order 1041 ergs/s and absolute magnitudes MH  −16. Comparison
normal galaxies from the RSA Catalog display signicantly fewer (21%), somewhat
lower luminosity nuclear sources, which could be due to compact star clusters. We
nd that the luminosities of the unresolved Seyfert sources at 1.6µm are correlated
with [OIII]5007A and hard X-ray luminosities, which suggests that the majority of the
1.6µm sources are non-stellar. We estimate that a few percent of local spiral galaxies
contain black holes emitting at moderate fraction,  10−1{10−4, of their Eddington
luminosities. The Seyfert 2.0 galaxies tend to have lower 1.6µm luminosities compared
to Seyfert 1.0-1.9 galaxies with similar [OIII] luminosities, suggesting that there is
signicant extinction (AV > 40) towards their continuum emitting region. This oset
and the fraction of unresolved sources detected are broadly consistent with the dusty
torus unication model for Seyfert 1 and 2 galaxies. Assuming a color typical of a
Seyfert 1 galaxy for the non-stellar continuum, only a moderate amount of foreground
extinction, AV > 3, is required to account for the detections of unresolved emission at
1.6µm and previous non-detections at 0.6µm.
Subject headings:
1. Introduction
Studies of active galactic nuclei (AGNs) have often focused on high luminosity objects since
in these objects the active nucleus dominates the emission of the host galaxy. Study of the lower
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luminosity objects is often hampered by confusion with emission from the galaxy in which the
AGN resides. However, the high angular resolution of the Hubble Space Telescope (HST) allows
us to probe the nuclei with a beam area about 30 times smaller than is typically achieved with
ground-based observations at these wavelengths. This enables us to separate the nuclear emission
from that of the surrounding galaxy with unprecedented accuracy. Malkan, Gorjian & Tam (1998)
have carried out a survey of nearby Seyfert galaxies using WFPC2 on board HST at 0.6µm. In this
work, unresolved continuum sources (e.g., Malkan et al. 1998) were detected almost exclusively in
Seyfert 1 galaxies. These authors postulated that extinction associated with a central torus (e.g.,
Antonucci 1993) or on larger scales makes it dicult to detect nuclear sources associated with
Seyfert 2 galaxies.
Because extinction is comparitively reduced at longer wavelengths, the dusty torus model
unifying Seyfert 1 and 2 galaxies suggests that we should detect nuclear emission from a larger
fraction of Seyfert galaxies in the near-infrared than possible in visible wavelengths. Near-infarred
ground based studies have detected bright non-stellar unresolved nuclear sources in a few bright
Seyfert 2 galaxies (e.g., Malkan & Filippenko 1983; Alonso-Herrero, Ward & Kotilainen 1996),
implying that the extinction at this wavelength can be low enough for continuum radiation to
escape the central region. Here we report on a survey of Seyfert galaxies observed with NICMOS
(the Near Infrared Camera and Multi-Object Spectrograph) on board HST at 1.6µm. By using
NICMOS, we combine the high angular resolution of HST with the ability to carry out an imaging
survey in the near-infrared.
2. Archival Observations
Here we compile images from the HST archive that were observed with the F160W lter
at 1.6µm with NICMOS. These galaxies were observed primarily as part of three observing
programs which we identify by the proposal ID number used by the Space Telescope Science
Institute. Galaxies from proposal 7330 were drawn from the Revised Shapely-Ames (RSA) Catalog
(BT < 13.4; Sandage & Tammann) and are described by Regan & Mulchaey (1999). This proposal
includes a comparison sample of non-active galaxies matching in luminosity, Hubble type, color
and redshift distribution to its Seyfert sample. Those from proposal 7328 are Seyfert galaxies with
redshifts less than 0.019 from Veron-Cetty & Veron (1993). Those from proposal 7867 are the 23
Seyfert 1.8-2 galaxies from the CfA redshift survey (excluding NGC 1068 which was a GTO target)
and are described by Martini & Pogge (1999). In total we nd 35 Seyfert galaxies identied in the
CfA redshift survey (e.g., Huchra & Burg 1992; Osterbrock & Martel 1993) including NGC 1068
and about 10 Seyfert 1.0-1.5 galaxies. A total of 26 galaxies were listed as Seyfert galaxies in the
survey by Ho, Filippenko & Sargent (1995), and 57 galaxies are part of the extended RSA sample
discussed by Maiolino & Rieke (1995). The galaxies are listed in Tables 1-5.
We group the Seyfert galaxies according to samples discussed in the literature. Table 1
contains all the galaxies which were part of the extended RSA sample (Maiolino & Rieke 1995).
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Subscripts are given to Seyferts which are also part of the CfA sample (e.g., Osterbrock & Martel
1993) or which were observed by Ho et al. (1995). Galaxies which were not listed by Maiolino &
Rieke (1995) but are contained in the CfA sample are included in Table 2. Additional Seyferts are
listed in Table 3. Non-Seyfert galaxies are listed in Tables 4 and 5.
Images were reduced with the ‘nicred’ data reduction software (McLeod 1997) using on orbit
darks and flats. Each set of images was then combined according to the position observed. The
pixel size for the NICMOS camera 2 is  000.076 and for camera 1 is  000.043. The FWHM for
an unresolved point source is  000.13 at 1.6µm with HST corresponding to  20 pc for the mean
galaxy at 33 Mpc in the RSA sample.
3. Unresolved nuclear sources
At the center of these galaxies we expect contribution from an underlying stellar component in
addition to that from an unresolved nuclear component. To measure the flux from the unresolved
component we must subtract a resolved galaxian model. For each camera we measured a point
spread function from stars in the images. We then t the sum of an exponential bulge prole
and the point spread function to the surface brightness prole. The error in this procedure we
estimated from the scatter in the residuals and was about 15% of the measured flux for most of
the sources. To test this procedure we recovered fluxes at the same level of accuracy from model
images created with the iraf routine ‘mkobject’. Sample ts to the galaxy surface brightness
proles are shown in Figure 1. The results of the ts are listed in Tables 1-4.
At 1.6µm an unresolved (point) source observed with NICMOS shows a prominent diraction
ring with a radius of  000.3. When the unresolved point source dominated the image we denoted
in Tables 1-4 a type ‘*’. When the diraction ring was faint but seen both visually in the image
and in the surface brightness prole we denote ‘F’. When no diraction ring was seen but the
surface brightness prole was consistent with the addition of an unresolved nuclear component we
denote ‘:’. When the nuclear prole was resolved we denote ‘-’.
The flux of the nuclear source was corrected using aperture corrections derived from a point
spread function which we generated with Tinytim (Krist et al. 1998). To convert fluxes into Jy we
used conversion factors 2.360  10−6, 2.190  10−6, 2.776  10−6 Jy per DN/s for Cameras 1, 2
and 3 respectively. This flux calibration is based on measurements of the standard stars P330-E
and P172-D during the Servicing Mission Observatory Verication program and subsequent
observations (M. Rieke 1999, private communication).
For galaxies in which the surface brightness prole was completely resolved at 1.6µm we list
the central surface brightness, S0, in Tables 1-5. Our detection limit for an unresolved nuclear
source depends primarily on this brightness. We added unresolved sources to exponential disk
proles to nd at what level we could reliably detect unresolved sources. We nd that an upper
limit on the flux of an unresolved source can be estimated by multiplying S0 (in mJy/pixel) by 13
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and 7 pixels in Camera 1 and 2 respectively.
3.1. The fraction of galaxies with unresolved emission
In Table 6 we compile the fraction of various Seyfert type galaxies which display unresolved
nuclear sources. All but one of the Seyfert 1.0-1.9 galaxies displayed an unresolved nuclear source.
About 50% of the Seyfert 2.0 galaxies displayed unresolved sources. The CfA and Ho samples have
the lowest fraction of unresolved nuclear sources among the Seyfert 2.0 galaxies possibly because
they are the most uniform in spectral quality and Seyfert typing compared to the other samples.
This suggests that the presence of weak broad line emission is an indicator that continuum
radiation at 1.6µm can escape the central pc. This suggests that the continuum emission region is
fairly close to the broad line region.
About 60% of the Seyfert 2 galaxies from proposal 7330 displayed signicant unresolved
emission compared to 21% of the normal galaxies drawn from this same proposal. This implies
that the Seyfert galaxies are more likely to display unresolved nuclear sources at 1.6µm than the
non-Seyfert galaxies. There must be an intrinsic dierence between galaxies identied as Seyferts
and those not identied as Seyferts in the RSA Catalog.
HST observations of nearby spiral galaxies have found that many harbor nuclear star clusters,
a small fraction of which ( 5%) are unresolved (Carollo et al. 1997). The normal galaxies studied
by Carollo et al. (1997) are somewhat closer than the galaxies in our sample, lying at a mean
distance of 23 Mpc, compared to 34 Mpc, the average distance of our RSA sample. Using a color
V − H  2.65, the star clusters from Carollo et al. (1997) have fluxes ranging from 0.01 to 5
mJy, making them similar in magnitude to the unresolved fluxes we have measured in the Seyfert
sample. Placing these normal galaxies at distances similar to our Seyfert galaxies would result in
a somewhat larger number of the sources being unresolved, however, it would also decrease their
brightness.
We can also compare the luminosity distributions of the unresolved nuclear sources between
the non-Seyfert and Seyfert RSA samples (galaxies observed as part of proposal 7330). We nd
that the luminosity distribution of unresolved sources in proposal 7330 and the RSA sample dier,
even though their redshift distributions are similar (see Figure 2). The non-Seyfert unresolved
sources tend to have somewhat lower luminosities. We conclude that the luminosities and fraction
of unresolved nuclear sources in Seyferts galaxies dier from those found in normal galaxies.
3.2. Comparison with hard X-ray and [OIII]5007A˚
Mid-infrared photometric and optical and UV spectroscopic surveys have found that Seyfert
2 galaxies are more likely to harbor nuclear star formation (Gonzalez-Delgado & Perez 1993;
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Maiolino & Rieke 1995; Heckman 1995). This might suggest that a galaxy identied as a Seyfert
2 galaxy may be more likely to harbor a brighter compact star cluster than a non-Seyfert galaxy.
In this case the unresolved sources in the Seyfert 2 galaxies could be due to compact star clusters
rather than non-stellar AGN emission.
There are a couple of ways to test this hypothesis. One way is to search for variability
in multi-epoch observations. Quillen et al. (2000) found that 8/13 of the unresolved sources
in Seyfert 1.8 and 1.9 galaxies varied, proving that they are non-stellar, associated with the
central pc of an AGN, and not emission from bright nuclear stellar clusters. However the 1.6µm
unresolved emission in Seyfert 2.0 galaxies lacking any broad line component could still arise
from compact star clusters. Another way to test this hypothesis is by searching for correlations
between the 1.6µm emission, and [OIII] or hard X-ray emission, which are strong primarily
in AGNs, not starbursts. In Figure 3 we compare luminosities computed at 1.6µm with those
estimated with [OIII]5007A and hard X-ray fluxes. We estimate the luminosity at 1.6µm by
νfν  4piD2 for a distance of D estimated from the galaxy radial velocities with a Hubble constant
of 75 Mpc−1 km s−1.
We see in Figure 3 that for a given [OIII] luminosity the Seyfert 1.8-1.9 galaxies have 1.6µm
luminosities similar to or slightly lower than the Seyfert 1.0-1.5 galaxies. The Seyfert 2.0 galaxies,
however, have lower 1.6µm fluxes suggesting that there is signicant extinction, AV  40, towards
the continuum emission region. A similar trend was observed in a smaller ground based sample
by Alonso-Herrero, Ward & Kotilainen (1997), and we support their conclusions. If the [OIII]
luminosity is a reliable luminosity indicator, then Seyfert 2 galaxies have signicantly larger
extinctions towards their continuum emission regions than Seyfert 1.0{1.9 galaxies. The Seyfert
1.8{1.9 galaxies appear to be intermediate, suggesting that a partial view of the broad line region
occurs when there is reduced extinction towards the near-infrared continuum emission region.
3.3. Minimum foreground extinctions
The spectral energy distribution of an old stellar population peaks at about 1.6µm. If the
spectral energy distribution of a continuum source associated with an AGN is similar to that
of a quasar, which generally has a dip at 1.6µm, then it should be the most dicult to detect
against the background galaxy at this wavelength. Likewise Seyfert 1 galaxies have continua
which are bluer than an old stellar population so we might expect that Seyfert 1 galaxies would
be more dicult to detect at 1.6µm than in the visible bands. The \unication" model postulates
that Seyfert 1 and 2 galaxies dier in terms of orientation angle (Antonucci 1993), and that a
dusty torus absorbs a signicant fraction of the optical/UV/X-ray luminosity. This implies that
signicant extinction in front of the nucleus may be present in Seyfert 2 galaxies. This extinction
may account for the large number of unresolved point sources detected at 1.6µm compared to the
non-detections reported by Malkan et al. (1998) at 0.606µm.
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We can assume that the level of stellar emission limits our ability to detect the non-stellar
emission. An old stellar population commonly found in the central region of a galaxy has
V −H  3.0 (Frogel 1985). If Seyfert 2 galaxies are similar to Seyfert 1 galaxies in their inner
regions then we can model the underlying emission as that of a Seyfert 1 with V − H  0.3
(Alloin et al. 1995). For the non-stellar source to be detectable at 1.6µm (roughly H band) and
undetectable at 0.6µm (roughly V band), the source must be redder than the stellar background.
If we assume that foreground extinction is responsible for the redenning then the change in color
must be larger than the dierence between the nucleus and stellar color ((V − H) > 2.7).
Using AH  0.176AV (from Mathis 1990) (V −H)  AV − AH  0.824AV which implies that
foreground extinction at at least AV > 3.3 is needed for the unresolved sources to be detectable at
1.6µm and not at 0.6µm against the stellar background. Some of the unresolved sources listed in
Tables 1-3 are up to 100 times above the detection limit at 1.6µm (e.g., NGC 1068) which implies
that extinctions of at least AV > 8 are required to account for their brightness at 1.6µm and
faintness at visible wavelengths.
4. Summary and Discussion
We report on the discovery of a large number of unresolved continuum emission sources at
1.6µm in a signicant fraction of nearby Seyfert galaxies observed with HST. Of the Seyfert 2
galaxies in the RSA and CfA samples 50-60% display unresolved continuum sources. For Seyfert
2.0 galaxies listed in Ho et al. (1995) only 33% of the Seyfert 2.0 galaxies displayed unresolved
sources. All but 1 of the Seyfert 1.0-1.9 galaxies display unresolved sources.
A comparison galaxy sample drawn from the RSA Catalog lacking Seyfert nuclei display
signicantly fewer (21%) unresolved sources than Seyferts found in this catalog. We nd that the
luminosities and fraction of unresolved nuclear sources in Seyferts galaxies dier from those found
in normal galaxies. The luminosities at 1.6µm are correlated with hard X-ray and [OIII] 5007A
luminosities. This suggests that the majority of the unresolved sources at 1.6µm are non-stellar
and not due to compact nuclear star clusters.
The presence of weak broad line emission (in Seyfert 1.8 and 1.9 galaxies) appears to be
coincident with the presence of a detectable unresolved continuum source at 1.6µm. This suggests
that a partial covering of the broad line region is associated with reduced extinction towards the
optical and near-infrared continuum emitting region. The Seyfert 2.0 galaxies tend to have lower
1.6µm luminosities compared to the Seyfert 1.0-1.9 galaxies of similar [OIII] luminosity, implying
that signicant extinction (AV  20− 40) is present towards the continuum emitting region. Both
the increased fraction of unresolved sources detected at 1.6µm and the ratio of 1.6µm to [OIII]
fluxes are broadly consistent with the dusty torus model unifying Seyfert 1 and 2 galaxies.
Assuming a color typical of a Seyfert 1 galaxy, only a moderate amount of foreground
extinction, AV > 3, is required to account for the detections at 1.6µm and non-detections at
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0.6µm (reported by Malkan et al. 1998) of the Seyfert 1.8-2.0 galaxies. We suspect that an even
larger number of galaxies would display unresolved sources at longer wavelengths if observed at a
similar angular resolution.
Accretion models for AGNs rely on two fundamental parameters to describe them, the black
hole mass and the bolometric luminosity emitted, which we expect is dependent upon the accretion
rate. Black hole masses have recently been measured with a variety of techniques (e.g., Richstone
et al. 1998), however estimates of the bolometric luminosity exist for only a few nearby sources.
We can crudely estimate the bolometric luminosity from that at 1.6µm by assuming a ratio of
 10 between the 1.6µm and mid-IR luminosity (e.g, Fadda et al. 1998 for the Seyfert 2s) and a
ratio of  10 between the mid-IR and bolometric luminosity (e.g., Spinoglio et al. 1995). In units















About 10% of the RSA sample of galaxies contains Seyfert nuclei with Seyfert 1.8-2 galaxies being
3 times more common than Seyfert 1-1.5 galaxies (Maiolino & Rieke 1995). Our RSA subsample
contains a substantial fraction of Seyfert 1.8-2.0 galaxies with 1.6µm luminosities of order 1041
ergs/s (see Figure 2). Since most of the galaxies are spiral galaxies we expect black hole masses
in the range of 106 − 108M (e.g., Richstone et al. 1998). The above estimate implies that the
bolometric luminosity in Eddington units spans the range 10−1 − 10−4 for black holes likely to
reside in these galaxies. This suggests that a few percent of the black holes resident in local spiral
galaxies are emitting at a moderate fraction of their Eddington luminosity. Longer wavelength
observations will yield better estimates for the bolometric luminosities of these numerous low
luminosity AGNs.
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Fig. 1.| Examples of ts done to the galaxy surface brightness proles to allow measurement
of unresolved sources. The upper solid line is the galaxy prole and the upper dotted line is
the resulting t to this prole. The t is a sum of a point source (shown as the dashed line)
and an exponential disk (shown as the lower dotted line). The lower solid line is the galaxy
prole subtracted by the point source. The point spread functions shown were measured from stars
observed in the same lter and with similar exposure times. NGC 5252 was observed with NICMOS







Fig. 2.| a) Luminosity distribution for the Seyferts with unresolved sources. The histogram lled
with solid lines shows all the Seyferts listed in Tables 1-3, and the histogram lled with dotted
lines corresponds to the Seyfert 2.0 galaxies. The histogram lled with dashed horizontal lines
corresponds to the unresolved sources in the normal galaxies. Absolute H magnitudes are shown
on the top of the histograms. b) Luminosity distribution for the Seyferts in the RSA sample. c)
Distance distribution for the total Seyfert, the RSA Seyfert and non-Seyfert samples. The distance







Fig. 3.| a) Correlation between 1:6m and [OIII]5007

A luminosities for the Seyferts listed in
Tables 1-3. Upper limits are given when no nuclear point source was detected at 1:6m. Seyfert
2.0 galaxies appear to have weaker 1:6m luminosities compared to Seyfert 1.9-1.0 galaxies. The
correlation between [OIII] and 1:6m luminosity suggests that the majority of the unresolved
sources are non-stellar. [OIII]5007

A uxes were taken from Ho et al. (1995), Whittle (1992) and
Bassani et al. (1999) and whenever possible are corrected for redenning using the Balmer decrement.
b) Correlation between 1:6m and hard X-ray luminosities. Hard X-ray uxes (2-10keV) were taken
from Bassani et al. (1999) and Mulchaey et al. (1994) and were corrected for observed absorption,
though some of the Seyfert 2.0 galaxies are Compton thick and so the corrected uxes do not
represent the true X-ray luminosities.
